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Strong electric-field transients resonant to intersubband transitions in n-type modulation-doped GaAs=AlGaAs quantum wells induce coherent Rabi oscillations, which are demonstrated by a phaseresolved measurement of the light emitted by the sample. The time evolution of the intersubband polarization is influenced by Coulomb-mediated many-body effects. The subpicosecond period and the phase of the Rabi oscillations are controlled by the properties of the midinfrared driving pulse. DOI Low-dimensional semiconductors are important model systems for studying quantum coherences in electron plasmas. In future schemes based on quantum information processing [1] , the phase of the material polarization and the connected electromagnetic field carry information. Thus far, most experiments are based on a measurement of the populations of selected states after interaction with an external electromagnetic field [2 -4] ; i.e., they neglect the information contained in the coherent polarizations between quantum states [5] .
Intersubband (IS) transitions in semiconductor quantum wells (QWs) are an interesting model system for optical polarization control [6, 7] . The quantum confinement of the electron wave functions along the z direction leads to the formation of subbands [ Fig. 1(a) ], between which dipole-allowed optical transitions occur at frequencies determined by the QW width. The nearly parallel in-plane dispersion of these subbands [ Fig. 1(b) ] leads to a transition frequency independent of the in-plane wave vector and thus to narrow IS absorption lines [ Fig. 1(c) ] in the midinfrared (MIR). Driving such a system coherently by femtosecond MIR pulses, i.e., generating a quantum mechanical superposition of the envelope wave functions of the optically coupled subbands, allows for controlling optical polarizations [8] .
In this Letter, we present a novel scheme to generate and measure coherent polarizations in real time up to frequencies of 30 THz. We demonstrate for the first time Rabi oscillations [9] on IS transitions of electrons in GaAs=AlGaAs quantum wells. The transient IS polarization is fully characterized by time-resolved measurements of the instantaneous electric field coherently emitted by the sample. The emitted field reveals a pronounced influence of many-body effects on the polarization dynamics. Our results directly show the possibility to control and measure such coherent polarizations despite their subpicosecond decoherence times.
The basic concept of our experiment is shown in Fig. 1(d) . A coherent IS excitation is created by a femtosecond MIR pulse with a center frequency resonant to the 1 $ 2 IS transition [ Fig. 1(c) ]. The incident excitation pulse and the light emitted by the sample are fully characterized by measuring their amplitude and phase. Experiments were performed for different field strengths of the excitation pulses. Midinfrared pulses with durations of 200 fs and electric-field amplitudes of up to 1 MV=cm are generated via difference frequency mixing of intense 25-fs pulses at 800 nm in GaSe [10] . We investigated an n-type modulation-doped QW sample consisting of 51 GaAs QWs of 10-nm width, separated by 20-nm-thick Al 0:35 Ga 0:65 As barriers, the centers of which are doped with Si, resulting in an electron concentration of n s 5 10 10 cm ÿ2 per QW. The Fermi energy is much smaller than the subband separation so that only subband 1 is populated. The 1 THz-wide [FWHM, Fig. 1 (c)] 1 $ 2 IS absorption line is homogeneously broadened and has a decoherence time of 320 fs [11] . The sample was processed into a prism [ Fig. 1(d) ] to achieve a strong coupling of the p-polarized MIR pulse and the IS transition dipoles. Experiments are performed at a sample temperature of 100 K. For measuring the MIR electric field by electrooptic sampling [12] , the MIR transient is combined with a near-infrared (800 nm) 12-fs probe pulse. Both are focused onto a 10-m-thick (110)-oriented ZnTe crystal. The electro-optic modulation induced by the ultrafast Pockels effect leads to a polarization change of the probe pulse proportional to the momentary MIR electric field. This signal is measured using a polarization sensor [PS in Fig. 1(d) ] [10] . By varying the time delay between the MIR transient and the probe pulse, the temporal waveform of the MIR transient is sampled directly.
We first study the coherent response of the sample in the linear regime, i.e., for electric-field amplitudes of the excitation pulse below 5 kV=cm. Figure 1(e) shows the time-resolved incident field E in t at the position of the quantum wells (located at the base of the prism), as derived from a measurement of the pulse sent through an undoped reference sample of identical prism shape to compensate for the delay and the small dispersion introduced by the substrate of the sample (for details see [7] ). The thick line represents the coherent emission E em t from the sample, which is given by the field E tr t transmitted through the sample minus the incident field E in t.
The reemitted light reflects the free induction decay of the excited coherent IS polarization, a behavior characteristic for linear resonant absorption of a two-level system: Driven by the excitation field E in t, a macroscopic linear coherent IS polarization Pt builds up gradually in the sample. In the case of exact resonance, this polarization is 90 out of phase with the driving field. Maxwell's equations with a coherent polarization source located in a thin -like layer [13, 14] predict that the reemitted field E em t from the sample is proportional to the time derivative of Pt, i.e., another 90 out of phase with Pt. Both phase shifts together result in E em t being 180 out of phase with E in t as clearly observed in our experiment [ Fig. 1(e) ]. For t > 0:6 ps, Pt and concomitantly E em t decay with the decoherence time T 2 320 fs of the macroscopic IS polarization [11] .
The amplitude and the phase of the reemitted light change dramatically for amplitudes of E in t above 10 kV=cm. In Figs. 2(a) -2(c) , we show E in t and E em t for three different amplitudes of E in t. For an amplitude of 20 kV=cm [ Fig. 2(a) ], the emitted field E em t is still out of phase with E in t but its amplitude rises faster than in the linear case, reaches a maximum together with E in t, and eventually decays almost completely within the time of the driving pulse. For a driving field amplitude of 30 kV=cm [ Fig. 2(b) Fig. 2(c) ], the periods of rise and decay of the reemitted field amplitude become even shorter, and we observe zero amplitudes at t 0:25 ps and at t 0:45 ps. The field E em t is first (t < 0:25 ps) out of phase with E in t, for intermediate times (0:25 ps < t < 0:45 ps) in phase with E in t, and finally (t > 0:45 ps) again out of phase with E in t.
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The data in Fig. 2 demonstrate that both amplitude and time structure of the macroscopic nonlinear polarization in the sample can be manipulated in a wide range by changing the strength of the coherent driving field. Our results are a direct manifestation of optical Rabi oscillations, which we observe directly through the nonlinear polarization, in contrast to studying population changes [2 -4] . In the most elementary approach, Rabi oscillations of the polarization amplitude and of the population inversion are predicted by the Maxwell-Bloch equations for noninteracting two-level systems [13] [14] [15] : 
The ij are the diagonal (populations) and off-diagonal elements (coherences) of the density matrix. They are damped by the phenomenological time constants T 1 and T 2 , respectively. t E in t d= h is the instantaneous Rabi frequency. The reemitted field E em t is proportional to the time derivative of the macroscopic polarization Pt, which in turn is proportional to the electric dipole moment d and to the total sheet density N of coherently oscillating carriers. n contains the refractive index of the material surrounding the quantum wells and a factor correcting for the geometry of the experiment [14] . For absorption of light, the reemitted field transient E em t interferes destructively with the driving field E in t, resulting in an attenuation of the transmitted field. For gain, constructive interference of E em t with E in t leads to amplification of the transmitted field.
The data in Figs. 1(e) and 2 are reproduced qualitatively by Eq. (1). In Fig. 3(a) , the reemitted electric field E em t (thick lines) and the population 22 t in the excited subband (shaded areas) are plotted for excitation in the linear regime [for simplicity we consider a driving field E in t with a rectangular amplitude in time and neglect any damping: T 1 T 2 1]. Such weak excitation leads to E em t being always out of phase with E in t and to an excited-state population that rises monotonically until the end of E in t. A high driving field [ Fig. 3(b) ] leads to a Rabi oscillation of the excited-state population and to a reemitted field with a phase depending on the time derivative of the excited-state population d 22 =dt.
For d 22 =dt > 0 (period of light absorption), E em t is out of phase with E in t. After reaching the population inversion, we have d 22 =dt < 0 (period of optical gain) and E em t in phase with E in t. The experimental results of Fig. 2 show how the Rabi oscillations on the 1 $ 2 IS transition change with the applied pulse area 2 R jtjdt [16] . In Fig. 2(a) , we observe a complete inversion of the IS transition when applying a driving field with pulse area . A stronger pulse with 2 [ Fig. 2(b) ] leads to complete population inversion around t 0:45 ps, followed by a period of stimulated emission from inverted IS transitions until the end of the driving pulse. The situation in Fig. 2(c) strongly resembles the calculated result shown in Fig. 3(b) for a pulse with 3.
While Eq. (1) allows a qualitative description of our data, it is not sufficient for a quantitative description. The dashed line in Fig. 2(d) shows as a function of time the pulse area calculated from the incident field. The dots give the pulse area derived from the measured progress of the Rabi oscillation: The maxima of the envelope of the reemitted field occur at equal to an odd multiple of =2, the nodes at multiples of . Equation (1) of 4, a clear indication that the simple Bloch picture fails in our case. Such discrepancy can result either from a local electric field modifying E in t, or from a time-dependent dipole moment dt. Local field effects could originate from radiative coupling [13, [17] [18] [19] ; i.e., the local electric field in a particular QW consists of the externally applied field E in t plus the reemitted fields from all QWs. Calculations of radiative coupling show [20] that in our sample this effect has a negligible influence on t.
A dipole moment d larger than expected in a single particle approach occurs if m QWelectrons are coupled to form a collective excitation, the IS plasmon [21] . The dipole moment of this quasiparticle is larger than the dipole moment of a single electron by a factor of m p . On the other hand, the density of dipoles N decreases by a factor of m. The IS plasmon and m independent electrons give rise to the same linear absorption strength: The linear susceptibility scales as Nd 2 , so that the decrease of N exactly cancels the increase of d. Nonlinear experiments, however, can distinguish between the two types of excitations, as t depends only on d, but not on N.
To illustrate the effect of coupled QW electrons, we consider the simplest case, m 2. This corresponds to four states, j11i (both electrons in the ground state 1, energy 0), j12i, j21i (one electron in 1, the other in the excited state 2, energy h), and j22i (both electrons in 2, energy 2h). A coupling H C with the matrix elements h12jH C j21i h21jH C j12i C leads to two new quasiparticles at h jCj and h ÿ jCj. When the coupling jCj is small compared to j hj, the Bloch equations for this four-level system exactly reproduce the results of Eq. (1). For strong coupling, the dipole moment of the blueshifted transition increases by 2 p , whereas that of the redshifted one is zero. Thus, this simple model shows that a coupling between the IS dipoles leads to a field-dependent increase of the effective dipole moment. Figure 3(c) shows the effect of strong coupling on the Rabi oscillations for the same excitation field as in (b). increases from 3 without coupling [ Fig. 3(b) ] to 4:2 with strong coupling [ Fig. 3(c) ], corresponding to an increase of the Rabi frequency.
A coupling between the IS dipoles is caused by the Coulomb interaction between the QWelectrons leading to the well-known depolarization shift [22] , which is about 1 THz [23] in our sample. Since our model also predicts a frequency shift, we expect jCj=h to be of the same order as the depolarization shift. The number m of coupled electrons can be estimated from the disorder potentials in the QWs caused by the doping atoms. Assuming randomly distributed donors, the typical length scale of potential fluctuations in the QW plane is 200 nm. Thus, one potential trough contains m 20 electrons.
In Fig. 2(c) , one observes a Rabi frequency that is nearly independent of the instantaneous E in t. At early and late times [small E in t], the coupling jCj is larger than j
hj and the Rabi frequency is enhanced by the many-body effect. Around the maximum of the driving field, however, j
hj > jCj, resulting in a breakup of the Coulomb correlation. Such effects result in a measured Rabi frequency that is nearly constant during the driving pulse. A quantitative calculation of this behavior is beyond existing theories of many-body effects.
In conclusion, by the observation of Rabi oscillations we demonstrated coherent nonlinear optical control of polarizations and carrier populations in semiconductor quantum wells on ultrafast time scales. While two-level Bloch equations lead to a qualitative agreement with our results, it is necessary to include many-body interactions between the electrons for a quantitative agreement.
